This study analyzed the contribution of cyclones to projected changes in cool season (1 November-31 March) precipitation over the eastern United States and western North Atlantic Ocean. First, global climate model simulations from phase 5 of the Coupled Model Intercomparison Project (CMIP5) were compared to Global Precipitation Climatology Project (GPCP) and Climate Prediction Center (CPC) precipitation analyses for the period 1979-2004. The CMIP5 ensemble mean realistically reproduced the historical distribution of regional precipitation with no discernable effect because of model spatial resolution. Subsequently, the projected changes in precipitation on cyclone and noncyclone days under the representative concentration pathway 8.5 (RCP8.5) scenario were quantified. While precipitation on both types of days was projected to increase, the increase on noncyclone days (23%) was greater than the increase on cyclone days (12%). The increase in precipitation on cyclone days occurred despite a decrease in the number of cyclone days. This increase can be attributed primarily to a shift toward more frequent extreme precipitation events coupled with a decline in light precipitation events.
Introduction
Heavy precipitation from extratropical cyclones can have tremendous societal impacts along the eastern United States, ranging from heavy snow (Novak et al. 2008 ) to inland and coastal flooding . For example, the 8-10 February 2013 blizzard brought more than 30 in. (;76 cm) of snow to coastal New York and Connecticut, which led to a loss of power for thousands of northeastern U.S. residents and major disruptions to national airlines (http://www.erh.noaa.gov/okx/ StormEvents/storm02082013.html). The 7-8 November and 26-27 December 2012 nor'easters created similar damage across the region, with wind gusts as high as 27 m s 21 (http://www.erh.noaa.gov/okx/StormEvents/ storm12262012.html) in conjunction with snowfall and coastal flooding.
Future regional changes in precipitation intensity and frequency associated with extratropical cyclones depend on the spatial and temporal variations in atmospheric moisture as well as the change in the position and intensity of the North Atlantic storm track. Globally, mean precipitation rates associated with midlatitude cyclones have been shown to rise with increasing atmospheric moisture and cyclone strength (Field and Wood 2007) . The regional variations in precipitation associated with cyclones are less clear, especially near land-water transition zones, such as the eastern United States and western Atlantic Ocean.
As the global tropospheric air temperature warms in a future climate, the Clausius-Clapeyron (CC) equation indicates that the saturation vapor pressure will increase at a rate of 7% K 21 (Held and Soden 2006) . Such increases in the lower-tropospheric water vapor will impact the hydrological cycle, including the quantity and intensity of precipitation globally (Trenberth et al. 2003) .
Using an ensemble of eight climate models, Wetherald and Manabe (2002) illustrated that the global precipitation rate is projected to increase by 5.2% by the middle of the twenty-first century (2035-65); however, there are regional variations within these global precipitation changes. The annual precipitation rate in high latitudes is projected to increase more rapidly than the rate of evaporation, while the opposite is projected for the subtropics (Manabe and Stouffer 1980; Manabe and Wetherald 1980; Meehl et al. 2007; Wentz et al. 2007) . The transition zone between the positive precipitation minus evaporation (P 2 E) in the high latitudes and negative P 2 E in the subtropics lies within the midlatitudes, suggesting large regional precipitation variability within this hemispheric latitudinal band (Kutzbach et al. 2005) . While understanding latitudinal variations in precipitation changes is important, extreme precipitation events on synoptic time scales can have more dramatic impacts locally. Pfahl and Wernli (2012) illustrated that in the historical European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) data, as much as 80% of extreme precipitation events, defined as the 99th percentile of 6-hourly precipitation, is directly related to cyclones over some regions (e.g., Newfoundland, Japan, South China Sea, and Mediterranean Sea). Furthermore, the number of extreme precipitation events (upper 0.1%-10%) across the globe is anticipated to rise as much as 6%-40% at the expense of lighter events, in part because of the projected increase in lower-tropospheric moisture (Allen and Ingram 2002; Semenov and Bengtsson 2002; O'Gorman and Schneider 2009) , and GCMs may be underestimating this increase (Allan and Soden 2008) . While cyclones have been shown to be associated with extreme precipitation events, the contribution of cyclones, if any, to future precipitation increases in extreme events is unknown.
Given large regional variability in the distribution of precipitation, it is imperative that historical and future precipitation trends are evaluated over smaller subregions within the midlatitudes, such as the eastern United States. There has been an increasing trend in both total accumulated annual northeastern U.S. precipitation as well as the frequency of the heaviest precipitation events over the region during the last century (Wake and Markham 2005; Griffiths and Bradley 2007; Brown et al. 2010; Insaf et al. 2013; Kunkel et al. 2013a,b) . On average, annual accumulated U.S. Northeast precipitation has increased 8% (;85 mm) over the past 100 yr, with a 2% increase in the number of events producing greater than ;50 mm over a 48-h period (Wake and Markham 2005) . Kunkel et al. (2013a) found that annual conditions over the Northeast have been becoming significantly wetter from 1957 to 2010. This increasing trend was observed in both observations and GCM ensembles during the December-February (DJF) winter months (Hayhoe et al. 2007) .
Several studies have shown the ability of the global climate models to realistically represent trends in regional historical precipitation (Horton et al. 2011; DeAngelis et al. 2013; Kunkel et al. 2013b) , which provides confidence in their use when evaluating future precipitation trends. Using output from phase 3 of the Coupled Model Intercomparison Project (CMIP3; Annan and Hargreaves 2011), DeAngelis et al. (2013) illustrated how the CMIP3 ensemble realistically represented the seasonal cycle of heavy precipitation over the Northeast. Using a 15-member CMIP3 ensemble, Kunkel et al. (2013b) found a statistically significant increase (3%-9%) in Northeast annual accumulated precipitation under the Special Report on Emissions Scenarios A2 greenhouse gas (GHG) emissions scenario between 1971 and 1999, while a similar increase was projected under the A1B scenario as well (Horton et al. 2011) .
The global climate models project an increase in the magnitude and frequency of future precipitation over the northeastern United States (Semenov and Bengtsson 2002; Hayhoe et al. 2007; Kharin et al. 2007; Horton et al. 2011; Kunkel et al. 2013a; Scoccimarro et al. 2013; Maloney et al. 2014) . Using the single ECHAM4/Ocean Isopycnal Model version 3 (OPYC3) global climate model (GCM), Semenov and Bengtsson (2002) showed a rising trend in eastern U.S. accumulated precipitation of 10%-20% (100 yr) 21 through the twenty-first century. Kunkel et al. (2013a) showed using an 11-member regional ensemble from the North American Regional Climate Change Assessment Program (NARCCAP; Mearns et al. 2009 ) that the largest increase in accumulated Northeast precipitation occurs during DJF (20%). Hayhoe et al. (2007) Taylor et al. 2012] , the magnitude of the heaviest east coast DJF precipitation events are projected to increase by 30%-40% by the 2061-2100 period, with the magnitude of the most intense precipitation events projected to rise faster than the overall mean (Scoccimarro et al. 2013) . Maloney et al. (2014) illustrated that the increase in the frequency of northeastern U.S. precipitation is projected to be as much as 400% for the heaviest precipitation events (.25 mm day
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), although the sample size was small (5-25 events over 30 yr).
Future variations in regional precipitation are in part a function of the midlatitude cyclone track, frequency, and intensity. During the boreal winter, the Northern Hemisphere extratropical storm track is projected to shift poleward of its current location (Bengtsson et al. 2006) , with a statistically significant increase in cumulative precipitation within the cyclone track (Bengtsson et al. 2009 ). Across the North Atlantic basin, this increase in precipitation is projected to occur regardless of the reduction in the number of cyclones across the basin (Bengtsson et al. 2006; Chang 2013; Zappa et al. 2013) . While the basinwide trend suggests fewer cyclones, it is important to consider smaller regional variations, especially near highly populated coastal areas. Variations in coastal cyclone behavior will have dramatic societal impacts and may not follow the larger trend. For example, using an ensemble of CMIP5 members, Colle et al. (2013) found a 10%-30% decrease in future cool season cyclone activity over the western North Atlantic but a 10%-20% increase in cyclone activity over the eastern United States. It is unclear how these opposing changes in cyclone activity will impact both future mean and extreme precipitation over these geographically varying subdomains of the eastern United States.
This study evaluates future projections in cool season precipitation over two adjacent and topographically varying regions, namely the eastern U.S. coastal plain and the western Atlantic coastal ocean. Precipitation projections associated with cyclones are highlighted and compared to future projections in the cyclone frequency over the regions of interest. Future projections in the frequency of light, moderate, and extreme precipitation events associated with coastal cyclones are presented as well. The methodology and data used in this study is described in section 2. Section 3 discusses the results of the precipitation analyses while section 4 provides discussion and summary of future projections in eastern U.S. and western Atlantic precipitation.
Data and methods
The CMIP5 multimodel ensemble provides a standardized set of atmosphere-ocean global model simulations to evaluate future variations in global and regional climate. In the current study, daily precipitation was obtained and analyzed for 14 CMIP5 members ( Table 1) . The CMIP5 ensemble members were selected because of the availability of daily precipitation output over the period of interest for this study. CMIP5 model output are available for a historical time period, spanning the midnineteenth century through 2005, as well as a future time period, which extends to 2100. The long-term historical simulations are initialized from a preindustrial control and forced by observed time-evolving atmospheric compositions (reflecting both anthropogenic and natural sources) and land cover. Long-term future projection simulations are forced by prescribed levels of total radiative forcing, defined as representative concentration pathways (RCPs), determined by a cumulative measure of human emissions of greenhouse gases, air pollution, and land use. This study used the high representative concentration pathway, which allows the radiative forcing to increase to 8. Historical CMIP5 precipitation was compared to observational precipitation products to gain confidence in using the GCMs to analyze future projections. At present, there is no definitive precipitation product spanning both land and large bodies of water that has gained acceptance as the most accurate, with the largest discrepancies between datasets occurring over oceanic regions. Subsequently, a common approach to evaluating these data is through comparisons of multiple sources to determine their strengths and weaknesses (i.e., Yin et al. 2004; Arkin et al. 2010) . While certain products have been identified as more reliable in specific regions of the globe, such as the high latitudes or the tropics, none have been defined as the most reliable over midlatitudes, including the eastern United States and western Atlantic. As such, the present study used three precipitation products to evaluate the performance of the CMIP5 output during the historical period: Global Precipitation Climate Project (GPCP; Adler et al. 2003 ) monthly averaged precipitation data available at 2.58 3 2.58 resolution provided by the National Oceanic and Atmospheric Administration (NOAA)/Office of Oceanic and Atmospheric Research (OAR)/Earth System Research Laboratory (ESRL)/ Physical Sciences Division (PSD), Boulder, Colorado, obtained from their website (http://www.esrl.noaa.gov/ psd); Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1996, 1997) monthly averaged precipitation data available at 2.58 3 2.58 resolution provided by the National Center for Atmospheric Research (NCAR), retrieved from their website (https://climatedataguide.ucar.edu/climate-data/ cpc-merged-analysis-precipitation-cmap); and CPC unified daily averaged precipitation data (Higgins et al. 1996 (Higgins et al. , 2000 available over the continental United States at 0.258 3 0.258 resolution, provided by the NOAA/OAR/ ESRL/PSD and obtained from their website (http://www. esrl.noaa.gov/psd). The GPCP product combines satellite estimates of precipitation and rain gauge data; the CMAP product is derived from satellite, rain gauge, and reanalysis precipitation; and the CPC unified product is primarily based on rain gauge data.
All CMIP5 model output and analyses products were interpolated to a common 18 3 18 latitude-longitude grid before performing the analyses, as in Chen and Knutson (2008) . A bilinear interpolation scheme was used for the interpolation, since the interpolation was from a coarser grid to a finer grid.
Historical and future precipitation analyses were performed over a large eastern U.S.-western Atlantic domain, as well as two smaller regions, a U.S. East Coast land (ECL) and East Coast water (ECW) domain ( Fig. 1) , Zhang et al. (2012) as in Colle et al. (2013) . This provided an opportunity to evaluate the relationship between cyclone frequency and precipitation. Precipitation was analyzed for the complete cool season (November-March) as well as for cool season ''cyclone days'' only. A cyclone day was defined as a day during which the center of the cyclone was located within the domain of interest (i.e., ECL and ECW). Cyclones were identified using the 6-hourly global mean sea level pressure from the CMIP5 ensemble. Given the 6-hourly analyses used, a cyclone day was defined as 0000-1800 UTC. Mean sea level pressure (MSLP) was used to track surface cyclones over the eastern U.S. and western Atlantic storm track using the tracking scheme developed by Hodges (1994 Hodges ( , 1995 , following the methods of Colle et al. (2013) . Using this method, the cyclones were identified as local minima in the mean sea level pressure fields with at least one closed MSLP contour, a minimum lifetime of 24 h, and a minimum spatial movement of 1000 km over the lifetime. Furthermore, ''cyclone counts'' were obtained using this method, by counting the number of cyclones observed within the ECL and ECW domains. Figure 2a illustrates the CMIP5 mean precipitation and standard deviation for 14 CMIP5 members over the historical The CMIP5 historical mean precipitation is compared to three precipitation products to assess its ability to accurately represent the distribution and magnitude of past precipitation. Figures 2b-d illustrate the mean distribution of three different precipitation products over the historical cool season, while Fig. 3 quantitatively shows the spatial difference in the means of the CMIP5 and the precipitation products (CMIP5 minus product). The GPCP precipitation product has a maximum in precipitation over the northwestern Atlantic storm track (975-1050 mm season 21 ; Fig. 2b ) similar to the CMIP5 mean, though values within the storm track are smaller by ;80-160 mm season 21 in the CMIP5 mean (Fig. 3a) .
Results

a. Historical precipitation
In the southeastern United States, seasonal GPCP precipitation values are 240-320 mm larger than the CMIP5 mean ( Fig. 3a) . Over the northeastern United States, the spatial distribution of precipitation in the GPCP is similar to the CMIP5 mean, with values 80-160 mm larger than the CMIP5 mean (Fig. 2a) . To quantify the spatial correlation between the two fields, the correlation coefficient between the GPCP and CMIP5 mean was calculated using each grid point over the combined ECL-ECW domain. The correlation coefficient returned a value of 0.95, indicating that the spatial distribution of the GPCP and CMIP5 mean are well correlated over the region of interest. For the CMAP derived precipitation, the precipitation maximum over the northwestern Atlantic has a smaller spatial area than the CMIP5 mean, though the maximum values are similar (Figs. 2a,c) . As a result, the CMIP5 mean shows more precipitation per season within the northwestern Atlantic storm track, especially off Cape Hatteras (240-320 mm; Fig. 3b ). In the southeastern United States, CMAP values are 80-160 mm larger than the CMIP5 average, though CMAP values in the northeastern United States are as much as 80-160 mm less (Fig. 3b) . Quantifying the correlation between the CMAP product and the CMIP5 mean over the ECL-ECW combined domain, the correlation coefficient is 0.93, indicating that the spatial distribution of the two precipitation fields are well correlated.
FIG. 1. Map illustrating the ECL (red) and ECW (blue) domains
used in the current study.
The fine resolution of the CPC unified precipitation product makes it a valuable resource over land, despite the lack of data over the ocean. In the southeastern United States, the CPC unified product has a cool season precipitation maximum of 675-750 mm (Fig. 2d) , 240-320 mm larger than the CMIP5 mean (Fig. 3c) . Over the northeastern states, there is little difference between the CPC unified product (300-450 mm season 21 ) and CMIP5 data, though the CMIP5 data slightly overestimates precipitation in localized regions in New Brunswick and Newfoundland. Over the southeastern United States, the CPC unified data shows as much as 320-400 mm season 21 of precipitation more than the CMIP5 mean (Fig. 3c) .
Comparisons of the CMIP5 precipitation to the observations (Fig. 3d) illustrates that mean values over the northern part of the western Atlantic storm track fall between the two observationally based products available over water, with more precipitation than the CMAP and less than the GPCP. The CMIP5 data overestimates precipitation over the offshore storm-track entrance between approximately 258 and 358N. Over the land, the CMIP5 data consistently underrepresents southeastern U.S. precipitation but has values between the two observational products over the Northeast and portions of the mid-Atlantic.
The performance of the individual CMIP5 members used in the historical analysis was evaluated with respect to the CMAP and GPCP analyses products over the combined ECL-ECW domain, defined as the EC domain ( Table 2 ). The root-mean-square error (RMSE) was calculated between the individual model members used in this study and both the analyses products. This provides a measure of the average error between the models and the observational analyses within the domain. The normalized RMSE was calculated as well, normalized by the average of the model and analysis product, describing the percent error between the model and analyses. Performance of the CMIP5 members was evaluated based on the resolution of the model grids, as defined by Colle et al. (2013 in the performance of the individual members. For example, the RMSE between the CMAP and the CSIRO Mk3.6, MIROC-ESM, and NorESM1-M is smaller than the RMSE between these three members and the GPCP data. Complementarily, the normalized RMSE between the CMIP5 mean and the CMAP is larger (24.4%) than the GPCP analyses (12.6%), though the normalized RMSE between the CSIRO Mk3.6, MIROC-ESM, and NorESM1-M members and the CMAP is smaller than for the GPCP. Model performance was evaluated based on grid resolution, with the relatively high-resolution models in italics and the relatively low-resolution models in bold, with the CMIP5 mean included as well in Table 2 . Several of the CMIP5 members with relatively low resolutions have smaller RMSE and normalized RMSE than members with finer-resolution grids. For example, comparing the GCMs to the GPCP, the lower-resolution GFDL-ESM2M, BCC-CSM1.1, and IPSL-CM5A-LR perform better than the higher-resolution CNRM-CM5.1, MRI-CGCM3, MIROC5, and HadGEM2-ES. Comparing the GCMs to the CMAP yields similar results, with the NorESM1-M, BCC-CSM1.1, GFDL-ESM2M, and IPSL-CM5A-LR performing better than the CNRM-CM5.1, MRI-CGCM3, MIROC5, and HadGEM2-ES. Figure 4 illustrates cool season historical (1979-2005) precipitation days binned according to daily precipitation accumulation thresholds for the ECL and ECW domains. The ECL and ECW domains were evaluated separately to highlight the differences between the adjacent land and water domains, to emphasize the variability across this relatively small region. Over ECL, there are approximately 790 days with a precipitation accumulation of ,0.5 mm day 21 m 22 for the ensemble mean (Fig. 4a) . The spread in the number of these relatively weak precipitation events range from about 580 (INM-CM4) to about 1160 (NorESM1-M), with the CSIRO Mk3.6 model as the low outlier (151 events). For 0.5-1.5 mm day 21 events, the mean increases to 1135 days, with a smaller spread among the members. For more moderate and heavy precipitation events, the number systematically decreases from 478 (3.5-5.5 mm day
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) to 159 (7.5-9.5 mm day
) events. For the top 5% of precipitation events (.9.5 mm day 21 ), there are 180 events in the CMIP5 mean, with a spread ranging from 78 (NorESM1-M) to 277 (INM-CM4) days.
Over the ECW domain, the distribution of the magnitude of precipitation events is similar to the land domain, though there are noticeably fewer (409 events; 48% less) of the lightest precipitation events (,0.5 mm day
) and a larger number (56 events; 25% more) of the top 5% of precipitation events (.12.5 mm day
; Fig. 4b ). The spread among CMIP5 members for the lightest events over the ocean domain (from 152 for CSIRO Mk3.6 to 659 for MRI-CGCM3) is similar to that over the land domain, with a larger spread over the ECW for the top 5% of events (.12.5 mm day
; from 133 for NorESM1-M to 378 for HadGEM2-ES).
b. Trends in regional precipitation
1) TOTAL REGIONAL COOL SEASON
PRECIPITATION
Total annual precipitation during the historical and future periods for the ECL and ECW domains is illustrated in Fig. 5 . From Table 1 , 11 of the 14 CMIP5 models were used for this analysis to allow for comparisons with the cyclone analyses from Colle et al. (2013) . Statistical significance of the trends in the CMIP5 mean were tested at the 99% ( p value of 0.01), 95% ( p value of 0.05), and 90% ( p value of 0.1) levels. The highest significance value associated with the CMIP5 mean trend is reported.
The total annual mean CMIP5 precipitation over the ECL significantly (p value of 0.01) increases by approximately 16% (80 mm season
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) by the end of the twenty-first century (Fig. 5a ). The interquartile range (IQR) and spread between the maximum and minimum values illustrate the model scatter for these annual trends. The minimum lower quartile (Q1) and maximum (Fig. 5a) . A similar increase (13%) is seen over the adjacent ECW domain (Fig. 5b) ). Comparing the ECL and ECW domains, the mean precipitation values over the water domain are about 60% more than over the land domain (Figs. 5a,b) . Figure 6 shows the total annual precipitation for days when a cyclone was present within the domain of interest, which provides insight into the contribution of cyclones to the overall cool season precipitation. On average, approximately 60 cool season days (40%) have been defined as cyclone days. Over the ECL domain, there is a slight decline in cyclone-day precipitation during the historical period, though precipitation significantly (p value of 0.1) increases by 12% (;30 mm season
) through the twenty-first century (Fig. 6a) . For the ECW domain, cyclone-day precipitation declines during the historical period, with essentially no trend (10 mm season 21 decrease) through the twenty-first century. Figure 7 illustrates cool season precipitation for days when no cyclone was detected within the domains. Comparing Figs. 6 and 7, more than half (55%-60%) of the cool season precipitation over ECL and ECW occurs on days when a cyclone is located within the domain. Mean annual noncyclone-day precipitation for the ECL significantly (p level of 0.05) increases by approximately 23% (from ;200 to ;245 mm season
) by the late twenty-first century (Fig. 7a) . For the ECW, noncycloneday precipitation rises (;80 mm season
; 24%), though this increase is not statistically significant, with a larger variability among CMIP5 members. 
2) REGIONAL CYCLONE PRECIPITATION
Since cyclones can be responsible for extreme precipitation events over the region, it is important to understand the characteristics of precipitation on cyclone days, as well as the relationship between cyclone-day precipitation and cyclone activity. Figure 8 shows the long-term trends in the daily precipitation over the land and coastal ocean domains on cyclone days, providing the opportunity to isolate the amount of regional precipitation occurring on each cyclone day. While the historical trend is flat over the ECL, there is a 20% (0.8 mm cyclone 21 ) significant (p value of 0.05) increase in daily cyclone precipitation through the twenty-first century (Fig. 8a) . This trend occurs as the number of cyclone days within the ECL domain is projected to decline by about 5 cyclone days per year (p value of 0.05; Fig. 9a ) by 2100. Therefore, the cool season precipitation associated with ECL cyclones is projected to increase (Fig. 6a) , despite the decrease in the number of cool season cyclones (Fig. 9a) .
For the ECW domain, there is essentially no change in the mean daily cyclone precipitation through the historical period (Fig. 8b) . In the future century, there is a projected increase of 8% (0.5 mm cyclone 21 ), though this rise is not statistically significant (Fig. 8b) . The number of cyclone days over the eastern U.S. coastal waters is anticipated to decrease by about 8 cyclone days per year by 2100 (Fig. 9b) , though this trend lacks statistical significance. Though future projections of daily cyclone precipitation over the ECW domain are not as robust as over the ECL, the rising trend in precipitation associated with coastal cyclones is consistent over both the coastal land and water domains. With cyclone precipitation projected to increase, it is important to evaluate variations in event intensity and identify the events that contribute the most to these trends (i.e., future variations due to a rise in the number of light, moderate, or heavy precipitation events). Figure 10 illustrates the change in the intensity of cyclone-day precipitation events for the early (2009-38; purple), middle (2039-68; yellow), and late (2069-98; red) twenty-first-century time periods compared to the historical period , normalized to represent the change in the number of events per year. For the ECL, there is an approximately 9% decrease (;6 events per year) in the number of the lightest precipitation events (,0.5 mm day 21 ), with an approximately 22% reduction (;5 fewer events per year) in the 0.5-1.5 mm day 21 events by the late twenty-first century (Fig. 10a) . The trend for more moderate events (1.5-7.5 mm day
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) is less clear, while there is an increasing trend (30%) in heavier (7.5-9.5 mm day 21 ) precipitation events (Fig. 10a) . For the top 5% of ECL precipitation events (.9.5 mm day 21 ), there is a 73% increase (;3 events per year) in these extreme events by the end of the century.
Over coastal ocean (ECW), a 5% decrease (3 fewer events per year) in the number of the lightest precipitation events (,0.5 mm day
) is anticipated, with little change in the 0.5-1.5 mm day 21 events (Fig. 10b) . For most other precipitation thresholds (1.5-9.5 mm day 21 ), the number of events is projected to decrease about 10%-17%. Conversely, the frequency of the top 5% of events (.12.5 mm day 21 ) is anticipated to increase by 21%
(;1 event per year) by the late twenty-first century. Therefore, over both the land and water domains, the number of the lightest cyclone-day precipitation events is anticipated to decrease while the most extreme cyclone precipitation events are projected to rise.
Discussion and summary
Using historical output from an ensemble of CMIP5 members, this study illustrated the ability of the CMIP5 ensemble to reproduce cool season precipitation over the eastern United States and western North Atlantic Ocean. It also quantified the projected changes in future (RCP8.5) cool season precipitation over two adjacent, topographically varying domains during the total cool season as well as for cyclone days only.
a. Historical precipitation
The distribution of cool season historical CMIP5 mean precipitation over the eastern U.S. and western Atlantic storm track was consistent with observations. For the coastal land regions, precipitation decreased northward, with the largest values near the coastline. Compared to observational products (GPCP, CMAP, and CPC unified), the CMIP5 mean produced more precipitation than the CMAP and less than the GPCP within the northern section of the western North Atlantic storm track. The ensemble mean consistently underrepresented southeastern U.S. precipitation. Over the northeastern United States and parts of the midAtlantic, the ensemble mean produced more precipitation than the CMAP and less than the GPCP. Overall, the historical CMIP5 precipitation fell within the range of the three observational datasets, providing confidence in its use for evaluating future trends.
The distribution of historical precipitation intensity was quantified over two adjacent, topographically different domains (ECL and ECW) to highlight differences FIG. 9 . As in Fig. 8 , but for the total number of cool season (November-March) cyclone days.
in precipitation characteristics because of land-ocean gradients. Comparing the historical distribution of precipitation over the ECL and ECW domains, there were half as many of the lightest precipitation events and a quarter more of the most extreme precipitation events over the coastal water domain than the coastal land domain. Cumulatively, there was more accumulated precipitation over the water than the land.
The performance of the individual CMIP5 members was evaluated over the combined ECL and ECW domains, defined as the EC domain, with respect to two observational products, the CMAP and GPCP analyses. The performance of the individual CMIP5 members was not dependent on grid resolution, meaning that the relatively high-resolution members did not perform better than the relatively low-resolution members. This differs from the cyclone analyses performed by Colle et al. (2013) . They showed that the relatively high-resolution CMIP5 members more accurately represented the location, track, and intensity of western Atlantic and eastern U.S. cyclones compared to the relatively low-resolution members. This emphasizes the challenges in evaluating the performance of a GCM based on precipitation. While the dynamics in the GCM may be well represented (i.e., accurate intensity and location of a cyclone), the precipitation field may not. Conversely, a GCM may develop an accurate precipitation field, while the dynamics may be poorly represented, indicating that the precipitation field was accurate for some other, potentially misleading, reasons (i.e., compensation by the microphysical scheme in the model). This suggests the ability of a GCM to accurately produce a precipitation field should not be assumed based on its ability to accurately produce dynamical features, such as cyclones.
b. Future precipitation
Future projections in cool season regional precipitation were quantified for the ECL and ECW domains. Total cool season CMIP5 mean precipitation over the ECL domain was projected to significantly increase by 16% by the end of the twenty-first century. This is consistent with the projected rise in global atmospheric water vapor (20%; Held and Soden 2006) ; however, the percent increase in precipitation is half as large as the projected rise in regional saturation vapor pressure over the eastern United States considering regional temperature changes. Under a higher emissions scenario (A1F1), the DJF temperature over the northeastern United States is projected to rise 5.58C by the 2070-99 period relative to the 1961-90 average (Hayhoe et al. 2007 ). This yields a 38.5% increase in northeastern U.S. regional vapor pressure based on a 7% K 21 increase predicted by the Clausius-Clapeyron equation (Held and Soden 2006) . This indicates that the precipitation yield due to an increase in temperature is more complex than predicted by the Clausius-Clapeyron equation (Westra et al. 2013) . This is further supported by the estimated 5%-6% increase in global (Wetherald and Manabe 2002 ) and hemispheric midlatitude (O'Gorman and Schneider 2009) future precipitation by 2100, though the projected increase in atmospheric water vapor is 4 times as large (20%; Held and Soden 2006) . FIG. 10 . Difference plot illustrating the change in the number of cyclone-day precipitation events per year between the early twenty-first century and the past (purple solid), the mid-twenty-first century and the past (yellow solid), and the late twenty-first century and the past (red solid), and the percent change for the early twenty-first century and the past (purple dashed), the mid-twenty-first century and the past (yellow dashed), and the late twenty-first century and the past (red dashed) periods for various precipitation thresholds over the (a) ECL and (b) ECW domains.
Total cool season precipitation over the ECW was projected to rise by 2100 as well, though the increase was not significant.
Regional changes in precipitation were evaluated on cyclone days and noncyclone days. Over the ECL domain, there was a 12% significant increase in cool season cyclone-day precipitation by 2100, with a 10% larger increase on noncyclone days. The increase in seasonal cyclone-day precipitation occurred despite a decrease in the number of cyclone days. Over the ECW domain, there was no trend in cool season ECW cyclone-day precipitation and the number of cyclone days was projected to decline. For noncyclone days, there was 10% greater increase by 2100 than for cyclone days. Over both domains, the percent increase for noncyclone-day precipitation was greater than for cyclone days, even though cyclones were responsible for a majority of the historical precipitation.
As discussed above, the percent increase in precipitation over the ECL domain was greater than over the ECW domain on cyclone days. Ruosteenoja and Räisänen (2013) showed that, over Europe, the slower future warming of the oceans contributed to a slower increase in the saturation specific humidity and relative humidity than over land. They hypothesized that the increase in environmental moisture contributed to an increase in precipitation. Potentially, a similar mechanism may be contributing to the greater increase in precipitation over land than the coastal ocean in the current study. Future work is required to evaluate the mechanisms that are responsible for this topographically varying precipitation change.
Future variations in regional precipitation per cyclone day over both domains were quantified as well. The amount of precipitation that falls on each ECL cyclone day was projected to significantly rise by 20%, with a smaller 8% increase over the ECW. This rise may be due to a combination of increased atmospheric water vapor content in addition to changes in cyclone intensity and location of the storm track (Pfahl and Wernli 2012) . Colle et al. (2013) showed that over the ECL domain, the number of deep cyclones (,980 hPa) was projected to increase by the end of the twenty-first century. Increased available moisture is projected to produce more intense cyclones through additional latent heating and greater precipitation rates (Held 1993; Trenberth 1999) . Therefore, while the number of cool season cyclone days may decrease over the northwestern Atlantic storm track, the increase in the number of intense cyclones in conjunction with the increase in atmospheric moisture could result in the increase in precipitation on cyclone days. Complementary to the current study, Bengtsson et al. (2009) showed that the quantity of accumulated precipitation during the most extreme precipitation events is projected to increase as much as 30% within hemispheric storm tracks.
Future variations in the cyclone-day precipitation distribution over the ECL and ECW domains were quantified to evaluate changes in the frequency of light, moderate, and intense precipitation events. The number of the most extreme precipitation events was projected to increase over both domains, while the number of the lightest precipitation events was projected to decrease. This is consistent with Maloney et al. (2014) , who showed that the number of relatively heavy precipitation events over the northeastern United States during the entire cool season increased as much as 4-5 times by the late twenty-first century for all cool season days.
Given that cool season precipitation associated with cyclones is projected to increase over the eastern United States and western Atlantic, it would be of interest to understand the dynamics controlling these projected changes. Furthermore, it would be worthwhile to understand the thermodynamic and dynamic processes that contribute to differences in the increase in precipitation over the coastal land and coastal water. This requires additional analyses of future projections in regional atmospheric moisture, cyclone dynamics, and other atmospheric processes (e.g., contribution from orographic lift, cool season convective storms) contributing to precipitation. For example, cyclone-based composites of temporal changes in precipitable water, quasigeostrophic forcing mechanisms, and cyclone structure would be beneficial. Additionally, it would be worthwhile to evaluate the mechanisms contributing to the increase in precipitation on noncyclone days as well.
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